We propose a scheme for the spatial exciton binding energy control and exciton routing in transition metal dichalcogenide (TMD) monolayer which lies on a quantum paraelectric substrate. It relies on the ultrasensitive response of the substrate dielectric permittivity to temperature changes, allowing for spatially inhomogeneous screening of Coulomb interaction in the monolayer. As an example, we consider the heterostructure of TMD and strontium titanate oxide SrTiO3, where large dielectric screening can be attained. We study the impact of substrate temperature on the characteristic features of excitons such as the binding energy, Bohr radius and exciton nonlinearity (an exciton-exciton interaction). Applying local heating, we create spatial patterns with varying exciton binding energy and an exciton flow towards the energetically lower region of the sample. The proposed scheme has potential for the creation of exciton-based logic gates and efficient light-harnessing devices.
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I. INTRODUCTION
The synthesis of atomically thin transition metal dichalcogenides (TMDs), such as MoS 2 and WS 2 , opened new horizons for the contemporary semiconductor optics [1, 2] . Thanks to direct band gap and rich diversity of exciton states, caused by the presence of a valley degree of freedom, the family of TMD monolayers become especially favorable for addressing a wide range of excitonrelated phenomena [3] . In addition, the TMD monolayers possess giant exciton binding energy of the order of 0.3-0.5eV, allowing for a room temperature operation. The study of excitonic effects in TMD monolayers covers the spectroscopic measurement [4] [5] [6] [7] [8] [9] [10] [11] and first principle calculation of binding energy [12] [13] [14] [15] [16] [17] [18] [19] , together with analytic calculations of excitonic properties [20] [21] [22] [23] .
All two-dimensional (2D) materials, with TMDs being a prominent example, are extremely sensitive to external probes such as external gating potential, local strain, and substrate effect. Having lower dimensionality allows engineering the electronic properties of these systems down to the fundamental level. For instance, applying spatially inhomogeneous strain to the monolayer, one can locally modify the bandgap, thus creating the energy gradients for quasiparticles throughout the sample [24] [25] [26] . The latter, known as exciton funnel effect, can be favorable for enhancing the efficiency of solar cells. By means of an external electric field, the exciton binding energy can be modified over the range of about 100 meV, accompanied by the bandgap renormalization [27] . The latter stems from the screening of the Coulomb interaction by the electrically injected free charge carriers of high density. A similar reduction of binding energy due to a strong screening of Coulomb interaction can be reached by the choice of a suitable substrate [28] .
There is a growing interest in exploring the effect of substrate on the electronic and optical properties of 2D materials. Particularly, the heterostructure of SrTiO 3 (STO) substrate with graphene [29] [30] [31] [32] [33] and TMD [34, 35] is attracting considerable attention. The large dielectric constant of STO substrate strongly screens the long-range Coulomb interactions inside 2D materials. This property has been already employed in experimental transport studies of graphene/STO heterostructure [29, 33] . The angle-resolved spectroscopy of the graphene on STO demonstrated the temperature-dependent nonlinearity of the energy spectrum, which can be attributed to the modulation of electron-electron interaction as a function of temperature [31] . Recently, it was experimentally shown that the single-layer MoS 2 can be grown on STO substrate with different interface terminations [35] . The experimental evidence implies that large triangle-shape flakes MoS 2 , with up to 10µm side lengths, are attached to STO surface owing to a weak van der Waals interaction [35] . The experimental measurements show that the photoluminescence efficiency of single-layer MoS 2 /STO is high enough and this heterostructure could be promising for optoelectronics.
In this Article, we propose a different route towards spatial modulation of exciton energy in TMD monolayers. The exciton resonance is defined as E X = E g − E b , where E g is the quasiparticle bandgap, and E b is the exciton binding energy due to electron-hole Coulomb interaction. While previously the spatially inhomogeneous modification of bandgap induced by local strain was discussed, we focus on the possibility of the spatial modulation of exciton binding energy. For this purpose, we employ quantum paraelectric materials such as STO and KTaO 3 (KTO) known for the outstanding dielectric properties, as the substrate. Here, the substrate induced screening is utilized to manipulate characteristic properties of excitons in TMD, e.g. exciton binding energy and Bohr radius. The latter ultimately results in the modulation of exciton lifetime and nonlinearity, caused by exciton-exciton Coulomb interactions. Precisely, we aim to study the effect of spatially inhomogeneous temperature profiles in STO substrate on the exciton characteristics in TMD. We show that the spatially resolved heating of the substrate results in a corresponding gradient of exciton binding energy. The latter plays a role of the confining potential, routing the excitons towards the minimum of exciton resonance energy E X .
The characteristic feature of the quantum paraelectric compounds (e.g. STO) is the strong quantum fluctuations close to the ferroelectric critical point which suppresses the ferroelectric order. Inverse dielectric function of these materials scales as 1/ε(T ) ∼ T 2 close to ferroelectric critical point [36, 37] . Due to quantum paraelectric nature of STO at low temperature, its dielectric constant can reach very high values (∼ 10 4 ) in a few hundred Kelvin change of temperature. Phenomenologically, one can use the Barrett formula for STO's dielectric constant above the critical temperature [38] 
where a ≈ 2143, b ≈ 0.90, T • ≈ 42K. Strong temperature-dependent dielectric constant of STO substrate has a dramatic impact on the Coulomb interaction between charged particles inside the 2D material. The temperature gradient in STO can be generated in several ways such as local heating by using lasers, inverse
Seebeck effect, and Joule heating [39] . Here, we propose to use Joule heating at an Ohmic metallic contact. In this setup, the inhomogeneous temperature can be achieved as a result of the heat diffusion, which obeys equation (2) where D and Γ stand for the diffusivity and the heat dissipation rate, respectively. T eq is the equilibrium temperature. In the steady state ∂ t T (x, z, t) = 0, and the temperature spatial profile follows
Considering a current flow in the Ohmic contact with an inhomogeneous resistivity per length, R(x), an inhomogeneous temperature can be achieved at the interface of STO and the metallic contact. The non-uniform resistivity can originate from the non-uniform thickness of the metallic contact, (x). Accordingly, we can introduce a temperature profile at this
, a desired temperature profile can be achieved by properly designing the thickness of metallic contact. A typical temperature distribution is shown in Fig. 1 , for different values of depth z.
The rest of the paper is organized in three sections. In Sec. II we explain the main body of our modeling. In Sec. III we present our numerical results and corresponding discussion. In Sec. IV we summarize the main achievements of the study, and provide the outlook for future directions.
II. METHODS
We consider a structure of an atomically thin monolayer of MoS 2 deposited on a bulk STO substrate, being a paraelectric material with a giant dielectric constant [see Fig. 1(a) ]. The TMD monolayer represents a direct gap semiconductor, which can host excitons at room temperatures. The exciton dynamics accounting for external drive and dissipation can be described by the following generic Schrodinger-like equation:
where r, R are the electron-hole relative and center of mass (CM) coordinates, and M = m e + m h , µ = m e m h /M are exciton total and reduced masses, respectively. For monolayer MoS 2 the electron and hole effective masses are m e = 0.35m 0 and m h = 0.45m 0 , where m 0 is the free electron mass [14] . Here P (R, t) stands for optical pumping rate of the system, E g is the monolayer bandgap, and γ = 2π/τ is the decay rate, defined by exciton lifetime τ . Now, let us define the excitonic properties of the system. Due to the discontinuity of dielectric permittivity at the interfaces of monolayer with substrate and cover layer (or vacuum), the Coulomb interaction V (r, T (R)) substantially differs from the conventional 1/r dependence. Typically it is described by the Keldysh-Rytova formula [41, 42] . However, the material properties of STO impose additional peculiarity to the inter-particle interactions in the considered system. Particularly, it is known that the capacitance of nanoscale STO based capacitors is strongly affected due to the formation of so-called dead layer at the STO-metal interfaces [43, 44] . The latter is characterized by much smaller dielectric permittivity, caused by the rearrangement of atoms to compensate the strains on the surface of STO. It is still disputable whether the presence of this layer is inherent property of STO or stems from fabrication imperfections. However, the account for a dead layer impact allows to provide more realistic description of such interfaces. In recent experiments with graphene grown on STO substrate it was shown that the STO induced screening is severely quenched [31] , which can be attributed to the dielectric constant reduction due to the dead layer. Based on the aforesaid, we model this extra quenching by considering a thin dead layer at the interface of STO/TMD as sketched in Fig. 1(a) . The generic interaction potential in Fourier space is given by
where the bare attractive Coulomb interaction between an electron and a hole reads v eh q = −2πe 2 /q with e as the elementary charge. The effective substrate-induced nonlocal dielectric function reads [45] ε eff (q,
where f (ε, ε , x) = ε + ε tanh(x) and
For the shorthand notation in the above formula, we use ε STO instead of ε STO (T ). Notice that ε TOP ≈ 1 corresponds to the dielectric constant of air; ε TMD and d denote the dielectric constant and the thickness of singlelayer TMD. ε DL and h correspond to the dielectric permittivity and thickness of dead layer. While the exact values of parameters for the dead layer depend on particular experimental realization, we take its width be of order of 5Å. The dielectric permittivity of the dead layer is shown to be temperature independent [44] and much smaller than that of bulk STO, and we assume it to vary in the range of 10-to-100. The parametric dependence of Coulomb interaction on the substrate temperature is reflected in the temperatureinduced modulation of STO's dielectric constant given in Eq. (1). The heat impact on the effective dielectric function is shown in Fig. 2(a) . For large values of dimensionless momentum, qd, the temperature dependence is negligible. However, it is well pronounced in the region q 1/d, which mostly determines the excitonic structure. Additionally, the presence of the dead layer significantly suppresses the impact of STO giant permittivity (dashed curves on the plot).
III. RESULTS AND DISCUSSION
In this section we report and discuss our numerical results on the impact of substrate temperature on in excitons in single-layer TMD.
A. The modulation of binding energy
The modulation of substrate dielectric constant ε STO leads to modification of the spatial properties of excitons, which become coordinate-dependent. For a long wavelength temperature profile, we can consider that ε STO changes smoothly in space. Therefore, any significant variation happens on the scale of tens of nanometers, while the Coulomb interaction inside exciton occurs at sub-nm scale. This means that one can safely neglect the modulation of substrate permittivity as a function of exciton relative coordinate, i.e. ∇ r ε STO (T (R)) ≈ 0. The latter allows for the factorization of exciton wave function to the form Ψ(r, R, t) = χ(r, R)ψ(R, t), leading to separation of exciton internal and CM dynamics:
and
where E b (R) > 0 is the exciton binding energy. As it follows from Eq. (8), E b (R) plays a role of effective confinement potential for exciton CM wavefunction. We note that, Eq. (7) with potential given by Eq. (4) is not exactly solvable. To characterize the exciton internal state, we employ a variational approach [47] , using as a trial function the conventional 2D exciton wavefunction [48] in momentum space:
Here λ(R) is a variational parameter and its critical value which minimizes the binding energy is the Bohr radius, i.e. a B ≡ λ| min[E b ] . The results of the binding energy calculation as a function of substrate temperature (dielectric permittivity) are presented in Fig. 2(b) . One immediate consequence is that the absolute scale of binding energy is much lower than in conventional hBN based setups, where it lies in 500 meV range [8] . The latter arises from the strong screening of interaction, stemming from the enhanced impact of substrate permittivity. Particularly, in the absence of the dead layer [red curve in Fig. 2(b) ], the variation of substrate temperature in a range 100K-400K leads to exciton binding energy variation in a range 0.1-3 meV. This corresponds to almost full suppression of formation of bound exciton state. The respective value of the Bohr radius is about a B ≈ 10nm, see red curve in Fig. 2(d) , an order of magnitude larger than that of conventional TMD setups. The presence of the dead layer partially compensates the suppression of Coulomb interaction, resulting in the enhancement of the binding energy and, correspondingly, in the reduction of exciton Bohr radius. The latter is shown in Figs. 2(b,c) by blue and green curves. Finally, Fig. 2(d) illustrates the dependence of binding energy on dead layer permittivity for various values of substrate temperature. We observe that the impact of the dead layer can sufficiently shift the binding energy absolute value range. However, the discussed effect, which is manifested in the binding energy difference for different temperatures, is very robust against the impact of STO dead layer. We also note that the binding energy can be easily fitted using a linear function:
where the values of E 0 and ξ depend on width and permittivity of the dead layer.
B. Exciton nonlinearity
We proceed with the calculation of Coulomb interaction between excitons. Strictly speaking, the exact value of inter-exciton interactions (or the nonlinearity) depends on the particular shape of spatial dependence of binding energy, defining the form of exciton center of mass wave function. However, given by the smooth spatial variation of binding energy, one can assume the exciton-exciton interaction to be defined solely by the wave function describing exciton internal dynamics. Within the scattering theory formalism, the inter-exciton interaction can be presented as a scattering event between two excitons of equal initial momenta, accompanied by momentum transfer from one exciton to another [49] . The maximum of interaction appears at zero exchange momenta, and in the explicit form reads [50] :
where A is the area of the sample. The results of the calculation as a function of temperature are presented in Fig. 3 . Similar to the binding energy, the interaction rate grows monotonously by increasing the temperature owing to the reduction of screening effect. The presence of dead layer makes the temperature dependence of interaction less pronounced, yet resulting in a few percent changes at 300K range. However, it should be mentioned that in striking difference with the binding energy, the absolute value of exciton-exciton interaction strength is not dramatically modified due to giant screening by STO substrate. Particularly, the exciton in single-layer MoS 2 deposited on hexagonal boron nitride (hBN) with permittivity hBN = 5 has the properties of E hBN b = 344meV, a hBN B = 1nm, g hBN = 1.32µeV·µm 2 . Such a behavior of the exciton-exciton interaction rate is in excellent agreement with an earlier performed investigation for WS 2 single-layer [47] , where it was shown a reduction of interaction strength of 30% in the limit of vanishing screening length, corresponding to giant substrate screening of Coulomb interaction. The reason beyond such a small modulation of interaction energy can be understood looking at the expression for interaction given by Eq. (11) . The interaction rate depends on the Coulomb interaction strength and spatial overlap between exciton wavefunctions. The increase of temperature leads to enhancement of Coulomb interaction, which in its turn results in the reduction of exciton size, as it becomes more bound. Hence, these two factors act in counterflowing directions and essentially compensate each other, resulting in a restricted response of the exciton-exciton interaction energy on the variation of substrate temperature.
C. Exciton routing
In the following section, we demonstrate the possibility of controlling the process of exciton cloud propagation via the gradient of substrate temperature. The exciton center-of-mass dynamics is described by Eq. (8) . Applying inhomogeneous heating of the substrate, we create a spatially varying exciton binding energy profile, playing a role of a potential landscape for the exciton center-ofmass motion. For the sake of simplicity, we consider the dynamics for one spatial dimension, assuming a homogeneous distribution of heat in the perpendicular direction. We excite the system by a localized Gaussian pulsed resonant pump,
where P 0 , ω 0 are the pump amplitude and frequency, and k 0 is the pump wave number. In the frame rotating with lasing frequency the exciton is affected by an effective potential U eff (x) = E g − ω 0 − E b (x). We consider three scenarios of spatial trend of effective potential relative to initial excitation spot. These scenarios are depicted in Fig. 4(a) . For all the cases the pump frequency is set to be resonant with exciton energy at pump point, ω 0 = U eff (x 0 ). As it follows from Fig. 2(c) , for the parameters of dead layer being h = 0.5nm, ε DL = 50 the difference of binding energy of 4 meV can be created at temperature gradient of about 200K. However, this value can be smaller if the dead layer permittivity is decreased, see Fig. 2(b) . For numerical simulations, the pump wavevector was chosen as k 0 = 10µm −1 . Depending on whether the potential slope is positive or negative, the exciton group velocity cloud decreases or increases. The latter essentially determines the dynamics of an exciton cloud in these two regimes, presented in Fig. 4 (c), (d) . To quantify the transport properties of the setup, we set a readout point x 1 lying at the distance of x 1 − x 0 = 500nm from the pump spot, indicated by green dashed line in Fig. 4 . The population of excitons reaching readout point before being recombined is shown in Fig. 4(b) .
Here, the crucial parameter is the exciton decay rate, which for the case of high-quality single-layers at cryogenic temperatures and moderate pump mainly governed by exciton radiative lifetime. The typical lifetime value for single-layer TMD deposited on an hBN substrate is about 1ps [3] . However, the peculiarities of the proposed system allow one to suggest that the actual exciton lifetime in the structure will be much larger. Namely, the giant screening of Coulomb interaction by STO results in exciton Bohr radius of about 3-4nm, being sufficiently larger compared to that of TMD/hBN (about 1 nm). Given by the quadratic dependence of exciton lifetime on its Bohr radius τ 0 ∝ a 2 B [52], we estimate τ 0 ∼ 10ps. Additionally, the exciton radiative lifetime increases linearly with the temperature, and in principle can reach up to τ ≈ 1ns at room temperature [53] [54] [55] . The presence of non-radiative decay channels becomes significant at temperature range > 100K, and makes the overall lifetime dependence more complicated, yet allowing to assume very large values of the lifetime of about 0.1-1ns [55] . For numerical simulations, we use the value of τ = 100ps.
IV. CONCLUSION
In conclusion, we studied the impact of strontium titanate, SrTiO 3 , substrate on excitonic properties of transition metal dichalcogenide (e.g. MoS 2 ) single-layer. It was found that the giant screening of Coulomb interaction leads to strong quenching of exciton binding energy and the corresponding growth of Bohr radius. The pronounced dependence of SrTiO 3 permittivity on temperature allows for rigid manipulation of exciton binding energy in single-layer. By applying inhomogeneous heating, it is possible to create a prominent gradient of substrate temperature on the scale of tens of nanometers, directly mapped to the exciton binding energy. The latter opens a possibility to create controllable exciton currents, having significant potential for exciton-transport based applications. Finally, we note that the proposed effect of exciton routing can be essentially enhanced for the case of strong light-matter coupling regime, leading to the formation of exciton-polaritons [56, 57] . The ultra-small effective mass of latter, stemming from the photonic counterpart, would enhance the particle mobility by several orders, allowing to span the routing distance to tens and hundreds of µm.
